Twinning in metals is normally a permanent plastic deformation mechanism. Here we report reversible twinning in high stacking fault energy (SFE) aluminum. Twinning and spontaneous detwinning at the crack tip have been captured in situ during tensile straining under a transmission electron microscope. Both the in situ observation and the molecular dynamics simulations reveal a two-stage detwinning process. The high propensity for detwinning is due to the high SFE and the low frictional forces against the detwinning partial dislocations in Al. This discovery of reversible twinning has implications for the deformation of other high SFE materials. DOI: 10.1103/PhysRevLett.102.205504 PACS numbers: 62.20.DÀ, 62.20.FÀ Twinning is an important mechanism for plastic deformation in metals. Among the face-centered-cubic (fcc) metals [1, 2] , pure Al is an intriguing case, as it rarely undergoes twinning due to its high stacking fault energy (SFE) [3] [4] [5] . Twinning in Al has thus attracted considerable attention in computer simulation studies [6] [7] [8] [9] and in experimental investigations [8] [9] [10] [11] . A recent claim of deformation twinning in Al [12] may have misinterpreted stacking faults and Frank loops [13] as microtwins, as explained in the supplemental materials [14] . Therefore, a careful monitoring of the detailed twinning process in Al remains important and challenging. In this Letter, using a combination of tensile straining and in situ high-resolution transmission electron microscopy (HRTEM), we have successfully captured the detailed dynamic twinning process in pure Al at the atomic scale.
Twinning is an important mechanism for plastic deformation in metals. Among the face-centered-cubic (fcc) metals [1, 2] , pure Al is an intriguing case, as it rarely undergoes twinning due to its high stacking fault energy (SFE) [3] [4] [5] . Twinning in Al has thus attracted considerable attention in computer simulation studies [6] [7] [8] [9] and in experimental investigations [8] [9] [10] [11] . A recent claim of deformation twinning in Al [12] may have misinterpreted stacking faults and Frank loops [13] as microtwins, as explained in the supplemental materials [14] . Therefore, a careful monitoring of the detailed twinning process in Al remains important and challenging. In this Letter, using a combination of tensile straining and in situ high-resolution transmission electron microscopy (HRTEM), we have successfully captured the detailed dynamic twinning process in pure Al at the atomic scale.
Twinning is normally not reversible or recoverable, resulting in permanent strains. Interestingly, our in situ monitoring reveals a detwinning process that readily occurs, and in our Al case the twinning is entirely reversible. During the detwinning process, we found two stages: thinning of the twins and shortening of the twin boundaries (TBs). This observation is corroborated by our molecular dynamics (MD) simulations.
High-purity polycrystalline Al (99.999%) acquired from Goodfellow Inc. was used for the experiment. An electron backscatter diffraction (EBSD) micrograph of the asreceived Al reveals a broad grain size distribution, ranging from several micrometers to 200 m with an average grain size of $65 m [see Fig. 1(a) ]. In situ TEM tensile specimens were thinned by double-jet electropolishing and then glued onto the center of a commercial Al substrate [15] . The room-temperature in situ tensile experiments were performed using a Gatan model 654 single-tilt straining holder, on a FEI Tecnai F30 TEM operating at 300 kV with a point-to-point resolution of 2.0 Å . Considering that the Al crystal is sensitive to electron irradiation, the electron beam was spread out during the intervals between taking HRTEM images, to minimize the beam damage. The tensile loading was controlled by applying pulsed displacement, and after each pulse the sample was held under stress for observation. After several initial incremental loading pulses, cracks nucleated and propagated in the thin area of the sample. Areas ahead of these cracks [see Fig. 1(b) ] were chosen for TEM observation.
Figure 1(c) shows a HRTEM image of the deformed area ahead of a crack tip within a single grain, acquired after several loading pulses. At the crack tip, a deformation twin was observed with its TB plane parallel to the crack plane. The twin has a length of the order of 25 nm and a width of $3 nm. From the fast Fourier transform (FFT) pattern [inset in Fig. 1(c) ], the beam direction of the HRTEM image was close to a h110i zone axis (not exact because the titling was restricted in the single-title holder needed for the tensile loading). Based on both the loading condition and the viable slip system for the current twinning mode, the twinning dislocation is believed to involve a 90 partial (
The crystallographic planes involved are labeled in Fig. 1(d) . During the holding period, although no more loading pulses were given to the sample, the sample was still in a loaded or strained state.
A series of HRTEM images, as shown in Fig. 2 , were taken at the crack tip to monitor the twinning process. In advanced further in Fig. 2(c) . Each of these ledges can be regarded as a bundle of twinning partial dislocations emitted from the crack tip, with the height of the ledge being equal to the number of accumulated partials [15, 16] . The movement of each step thus involves the coordinated forward propagation of multiple partials on planes adjacent to the TBs [17] . This process leads to the lengthening and broadening of the twin. After a while, the upper TB becomes flat, and two ledges, labeled as L 5 and L 6 in Fig. 3(a) , are developed on the lower TB.
We next present the interesting observation of detwinning. During further holding of the sample, stress relaxation occurred. The twin growth stopped as a result. Instead, we observe in Fig. 3 that the ledges turned around and marched back towards the crack tip. Comparing Figs. 3(a) and 3(b), the ledge L 5 moved all the way to the crack tip and disappeared to the surface (the twin thickness in that region thus shrinks from $2:8 to $1:6 nm), and another step L 7 came in from the right-hand side, approaching L 6 . Fig. 3(c) . The already-thinned twin then quickly detwinned altogether. An image taken at 386 s into the experiment showed that the twinned region was completely transformed back to the matrix stacking [ Fig. 3(d) ], rendering the twinning anelastic. The entire detwinning process took less than 3 minutes.
The spontaneous and easy detwinning can be explained as follows. First, we point out that for Al, which has a high SF energy (SFE) [6, 7, 17] , the twin formed tends to be small and extend not far from the crack tip. This is because the initial twin nucleus cannot travel very far into the sample [17] , as the twinning partials drag behind them an energy-costly SF. To overcome this resistance requires the presence of high stresses, which decay fast with increasing distance from the crack tip [18] . As a result of the close proximity to the crack, the twin has a strong tendency to spontaneously detwin when the applied stress is relaxed or unloaded. The partials on the steps are pulled towards the surface by the image force, which is a function of distance (d) from the free surface [18] . Also, the small twin size makes it unlikely for the partials/twin to be locked by other defects such as grain boundaries (this happens, for example, in nanocrystals [10, 11] ) and dislocations. As the partials and steps move to the surface, the twin gradually becomes sufficiently thin that the remaining layers are able to detwin all at once, as shown in Fig. 3(c) . This last stage of complete detwinning is driven by the elimination of the two TBs (TB energy $ one-half of the SFE) [17] and is therefore so rapid that it can be reproduced even on the time scale (nanoseconds) of MD simulations (details in Fig. 4 below) .
Second, the Peierls barrier against the gliding of an existing detwinning partial dislocation on the TB plane is relatively low for Al: From ab initio modeling the athermal friction force against a partial is 120 MPa, a factor of 4 lower than that for a metal like Cu [17] . The image force acting on the partial would reach 120 MPa by itself, when d ¼ 5 nm. In reality, detwinning by step/partial movement is thermally activated, rather than an athermal process, such that it is also expected to happen for d > 5 nm, with the aid of thermal fluctuation [19] . In comparison, for a metal like Cu with much lower SFE, the twins formed are much longer and thicker (we conducted similar crack tip in situ experiments for Cu; the TEM picture is not shown), and the frictional forces of the partials are large [17] , such that the detwinning probability is much lower. This is consistent with the frequent observation of twins at crack tips in Cu (not shown).
MD simulations were carried out for pure Al, to corroborate the experimental observation of detwinning at 300 K near the free surface. The simulation employs embedded-atom method potentials for aluminum [20] , and the simulation box has dimensions of 40 Â 20 Â 10 nm, with a periodic boundary condition applied in the thickness dimension. In Fig. 4(a) , which displays the [110] projection view, a six-layer twin ($10 nm long) is embedded inside the matrix, with one end at the free surface (only part of the simulation box is shown). In Fig. 4(b) , we observe that detwinning occurs rapidly at 300 K, even on the MD time scale, in the absence of applied stress or strain. After 200 000 time steps (each step is 3.5 fs), the length of the twin is obviously reduced relative to its original length in Fig. 4(a) . This observation is in agreement with that in Fig. 3(c) , where it is shown that in the last stage of detwinning the thin twin disappears altogether rapidly and completely reverts back to the matrix stacking. The twin boundary energy appears to be the dominant driving force for this stage of the detwinning, since the SFE is very high in Al. In Fig. 4(c) , a three-layer step was created on top of a six-layer twin (left arrow). With time going by at 300 K, the step gradually moves towards the free surface. As seen in Fig. 4(d) an obvious change in position of the three-layer step can be identified. Meanwhile, as the three-layer step moves left, the six-layer twin starts moving (right circle). The observation in Figs. 4(c) and 4(d) is in agreement with that in Fig. 3(b) , where it is shown that, in the first stage of detwinning, the twin is thinning or reducing its thickness via step movement at the TB. Here the movement of the partial dislocation(s) is driven mainly by the line tension of the partials (i.e., the image force). After the first stage of detwinning, the twin is now thinner, and all of the layers in the twin can now detwin together in the second stage. The latter can be completed more smoothly and quickly due to the newly joined driving force (twinning fault force) [19] . Here the image force is determined by the location of the partials, while the stacking/twin fault force is dominated by the SFE. For the high SFE materials such as Al, TB is a high energy planar defect with about half of the corresponding SFE, and the stacking fault force is large enough to overcome the Peach-Koehler force [19] and drive the twinning partials back to the crack tip to reduce the system energy. This insight suggests a high propensity for reversible deformation twinning in the high SFE materials. Therefore, we believe that reversible twinning could be a general and newly identified deformation mechanism for high SFE metals.
In summary, using in situ HRTEM tensile straining, convincing, atomic-scale evidence for reversible twinning (including both twinning and complete detwinning) at a crack tip in pure polycrystalline Al has been obtained. The reversible twinning process occurring in high SFE Al is different from conventional plastic deformation twinning normally found in low SFE metals. The reversible twinning process leaves no debris for postmortem observation. The detwinning is assisted by image force and thermal activation, and its apparent high propensity stems from the high SFE of Al and the low Peierls-Nabarro force against the motion of partials on the TBs. 
